Abstract. MicroRNAs (miRNAs) regulate gene expression by inhibiting transcription or translation and are involved in diverse biological processes, including development, cellular differentiation and tumor generation. miRNA microarray technology is a high-throughput global analysis tool for miRNA expression profiling. Here, the hippocampi of four borna disease virus (BDV)-infected and four non-infected control neonatal rats were selected for miRNA microarray and bioinformatic analysis. Reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis was subsequently performed to validate the dysregulated miRNAs. Seven miRNAs (miR-145 *
Introduction
Borna disease virus (BDV) is a non-cytolytic, neurotropic, non-segmented RNA virus of negative polarity and a member of the family Bornaviridae within the order Mononegavirales (1) . The BDV genome spans ~8.9 kb and contains six major open reading frames (ORFs) (2) . BDV has been in the focus of interest on account of its ability to cause severe neurobehavioral diseases in animals and to introduce cDNA of its RNA transcripts into host genomes (3, 4) . Studies initiated in the 1980s using serological methods have suggested that human BDV infection may be linked to neuropsychiatric diseases (5, 6) . However, subsequent attempts to confirm human BDV infection by non-serological methods have revealed inconsistent results (4, (7) (8) (9) . Therefore, the role of BDV role in human psychiatric disorders (if any) remains inconclusive.
A previous epidemiological study by our group has demonstrated that there may be an association between BDV infection and certain human neuropsychiatric disorders, including viral encephalitis, schizophrenia and bipolar disorder (10) . In addition, a multi-center study by our group conducted in three western Chinese provinces, which used non-serological methods, including reverse transcription quantitative polymerase chain reaction (RT-qPCR), ELISA and western blot analysis, revealed that BDV may be associated with various neuropsychiatric disorders, including viral encephalitis, schizophrenia, multiple sclerosis and Parkinson's disease (11) .
Borna disease virus infection impacts microRNAs associated
with nervous system development, cell differentiation, proliferation and apoptosis in the hippocampi of neonatal rats MINGJUN MicroRNAs (miRNAs) are a conserved class of endogenous non-coding RNAs of ~22 nucleotides that modulate the post-transcriptional expression of specific genes by base-pairing with specific sequences (miRNA response element) in the 3'-untranslated regions (UTRs) of target mRNAs, thereby causing mRNA degradation or translational inhibition (12) . miRNAs exert pleiotropic effects on gene expression and regulate diverse biological processes, including cell proliferation, differentiation and apoptosis (13) . Previous studies have suggested that certain miRNAs are integral components of host-virus interactions and affect viral infection and host response processes by targeting the viral genome or mRNAs (14, 15) . For example, Qian et al (16) demonstrated that miR-122 exerts a direct antiviral function by inhibiting BDV translation and replication as well as indirectly acting through interferon (IFN) to increase host innate immunity to modulate the virus-host interaction. Zhai et al also found that persistent BDV infection inhibited the expression of type I IFNs through the suppression of miR-155 (17) .
Neonatal rats with intracerebral BDV infection have been described as excellent models of neonatal Borna disease (NBD) in which to investigate the effects of BDV on learning, memory, emotional impairment and social behavior, which are similar to abnormalities observed in several human mental disorders, including schizophrenia, affective disorders and autism (18) (19) (20) (21) .
The aim of the present study was to isolate miRNAs from the hippocampi of BDV-infected and non-infected neonatal rats in order to identify the differential miRNA expression profile. Bioinformatic analysis was then performed to investi gate the dysregulated miRNA target genes and the signaling pathways involved, which may help to facilitate further understanding of the important roles of miRNAs in BDV infection.
Materials and methods

Ethics statement. The Ethics Committee of Chongqing Medical
University approved the present study. All experiments were in accordance with the National Institutes of Health Guidelines for Animal Research (22) . Special care was taken to minimize the number and suffering of animals.
Sample collection. Newborn Sprague-Dawley rats (male; n=20; weighing, 10-12 g) purchased from the Chongqing Medical University Animal Center [Animal Usage License no. SYXK (Chongqing) 20020007] were monitored twice daily. Within 24 h of birth, rat pups were intracranially (i.c.) inoculated in their right cerebral hemispheres using a Hamilton syringe with either 50 µl (10 4 FFU/ml) of BDV strain solution (kindly provided by Professor Hanns Ludwig, AG Borna-Virus Infections, Free University of Berlin, Germany) as previously described (23) or phosphate-buffered saline (PBS; Jinmei Biotechnology, Jiangsu, China; control: Sham inoculated). The virus strain was a human BDV Hu-H1 strain isolated from a bipolar patient's white blood cells (24) . Offspring were housed with their mothers under biosafety level S2 for up to four weeks and then gender-matched and separated. They were housed under a 12-h light/dark rhythm at constant humidity and temperature and provided with food and water ad libitum. Controls were housed under standard conditions (25) . On postnatal day 56, anesthesia was performed by administration of 10% chloral hydrate (100 g/0.4 ml; Jining BaiYi Chemical Co., Ltd., Shandong, China) by intraperitoneal injection (i.p.) (26) , and the rat was sacrificed by dislocation of the cervical vertebrae. The whole brains were excised, the hippocampi were dissected from the brain on ice and then submerged in liquid nitrogen followed by storage at -80˚C until later analysis.
RNA extraction for microarray and quality inspection. Total RNA was extracted from the hippocampi of rats infected intracranially with either BDV or sterile PBS using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. The samples were homogenized in liquid nitrogen prior to adding TRIzol (1 ml TRIzol per 50-100 mg tissue sample). RNA samples were dissolved in 25 µl DNAse/RNase-free H 2 O and stored at -80˚C until later use. Eight samples (n=4 per group) of RNA were subjected to GeneChip ® miRNA3.0 Array analysis (Affymetrix, Santa Clara, CA, USA). The concentration, purity and integrity of RNA were measured by the Thermo Nanodrop 1000 (Thermo Fisher Scientific, Waltham, MA USA) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).
MicroRNA microarray. Following RNA isolation, the Flash Tag Biotin HSR RNA Labeling kit (Affymetrix) was used for miRNA labeling according to the manufacturer's instructions. Each 0.05-0.5 µg of sample was 3'-end-labeled with a biotin fluorescent label using the Gene Chip 3'IVT Express kit (Affymetrix). After the labeling procedure was terminated, the total mixture with the biotin-labeled samples and hybridization buffer were hybridized in a Gene Chip Hybridization Oven 645 (Affymetrix), which provides an active mixing action and a constant incubation temperature to improve hybridization uniformity and enhance the signal, according to the manufacturer's instructions. Following hybridization, the slides were washed several times using the GeneChip Hybridization Wash and Stain kit (Affymetrix) and then dried by centrifugation at 3000 x g for 15 min at 25˚C. The slides were then scanned with the GeneChip Scanner 3000 (Affymetrix) as previously described (27) .
Array data analysis. The array data were analyzed using miRBase v17 (Affymetrix), which was also used for identifying the significantly differentially expressed miRNAs. With the use of Gene Set Enrichment Analysis (GSEA; http://www. broadinstitute.org/gsea/index.jsp) and its Molecular Signatures Database 1.0 (MSigDB 1.0), the genes were classified according to BioCarta (http://www.biocarta.com/) pathway and gene ontology (GO) biological analysis to identify pathways actively regulated by the significantly differentiated miRNAs (28) .
RT-qPCR.
According to the Qiagen Supplementary Protocol (Qiagen GmbH, Hilden, Germany) for purification of small RNAs from the rat hippocampi, total RNA was extracted using a Qiagen miRNeasy Mini kit (Qiagen) and then eluted in 700 µl QIAzol reagent (Qiagen) in 1.5 ml microcentrifuge tubes. Following chloroform (Chongquing ChaunDong Chemical Co., Ltd., Chongqing, China) extraction, the samples (n=3 per group) were centrifuged at 12,000 xg for 15 min at 4˚C. The upper aqueous phase was transferred to a fresh collection tube, and the RNA was precipitated by adding 1.5 volumes (usually 525 µl) of 100% ethanol (ChengDu KeLong Chemical Co., Ltd., Sichuan, China) to the aqueous phase. After being mixed thoroughly by pipetting, the solution was transferred onto an RNeasy Mini spin column (every column had an aqueous phase of <700 µl; Qiagen) and centrifuged at ≥8,000 xg at room temperature for 15 sec in a 2-ml collection tube. Subsequently, 700 µl buffer RWT (Qiagen) was added onto the RNeasy Mini spin column, which was then centrifuged at ≥8,000 xg for 15 sec, followed by addition of 500 µl buffer PRE (Qiagen) onto the column and centrifugation at ≥8,000 xg for 1 min. Finally, the RNA pellet was re-suspended in 30-50 µl RNase-free water (Shanxi Chaoying Biotechnology, Shanxi, China). The concentration, purity and integrity of RNA were measured by the Thermo Nanodrop 1000 and the Aglient 2100 Bioanalyzer.
Nine miRNAs with greater than or equal to two-fold differential expression according to the microarray results were selected for RT-qPCR validation. All the RNA samples were reverse-transcribed to cDNA using the All-in-One TM miRNA qRT-PCR Detection kit (GeneCopoeia, Rockville, MD, USA) according to the manufacturer's instructions. The reaction mixture consisted of 5 µl 5X RT buffer (GeneCopoeia), 1 µl 2.5 U/µl PolyA polymerase, 1 µl RTase Mix and 2,000 ng total RNA template in a total volume of 25 µl. Reverse transcription was performed in a Gene Amp PCR System 9700 (Applied Biosystems, Life Technologies, Thermo Fisher Scientific) at 37˚C for 60 min and 85˚C for 5 min. An RT-negative control was included in each batch of reactions. The qPCR reactions were performed with the ABI Prism 7900 system (Applied Biosystems) using the All-in-One TM miRNA q-PCR kit (GeneCopoeia) according to the manufacturer's instructions. The reaction mixture consisted of 10 µl 2X All-in-One qPCR mix, 2 µl All-in-One TM miRNAqPCR primer (2 µM), 2 µl Universal Adaptor PCR primer (2 µM), and 2 µl First-strand cDNA (diluted 1:5) in a total volume of 20 µl. PCR reactions were initiated by a 10-min incubation at 95˚C followed by 40 cycles of 95˚C for 10 sec, 60˚C for 20 sec and 72˚C for 10 sec. A melting curve was performed at the end of the PCR run over a range of 66-95˚C, increasing the temperature stepwise by 0.5˚C every 6 sec. All samples were measured in triplicate, and no template controls were included on the same plate. The qPCR reactions were performed as described above and repeated three times in triplicate. 
Statistical analysis for RT-qPCR.
Results
Differentially expressed miRNAs. The GeneChip ® miRNA3.0 Array employed in the present study contained >2,990 capture probes, covering all human, mouse and rat miRNAs annotated in miRBase v17 as well as all viral miRNAs associated with these species. Volcano plot filtering was performed to identify miRNAs with a greater than or equal to two-fold differential expression between the BDV-infected and control groups. , miR-449a and miR-505) showed increased expres sion, whereas two miRNAs (miR-126 and miR-374) showed decreased expression in the BDV-infected group. RT-qPCR analysis further indicated that five miRNAs (miR-126, miR-200b, miR-374, miR-449a and miR-505) showed significantly decreased expression (P<0.05) in response to BDV infection (Fig. 2) . , miR-449a, miR-505, miR-126, and miR-374. These genes were submitted to Gene Set Enrichment Analysis (GSEA), which was used for GO biological process categorization, Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www. genome.jp/kegg/) pathway analysis, and Biocarta pathway analysis. Biocarta pathway anlaysis predicted target genes associated with 'RNA', 'IGF1mTOR', 'EIF2', 'VEGF', 'EIF', 'NTHI', 'extrinsic', 'RB', 'IL1R' and 'IGF1' pathways (Fig. 3) . GO analysis predicted target genes associated with 'peripheral nervous system development', 'regulation of small GTPasemediated signal transduction', 'regulation of Ras protein signal transduction', 'aerobic respiration', 'membrane fusion', 'positive regulation of cell cycle', 'cellular respiration', 'heterocycle metabolic process', 'protein tetramerization' and 'regulation of Rho protein signal transduction' processes (Fig. 4) . Predicted target genes were classified according to Biocarta pathway analysis by using GSEA bioinformatics resources (Table I) . Several GO biological processes were predicted by GO analysis (Table II) .
Prediction of target genes and functional bioinformatic
Discussion
The present study reported the dysregulated miRNAs in the hippocampi of neonatal rats infected with BDV Hu-H1. Among the five dysregulated miRNAs identified by RT-qPCR, miR-126, miR-200b and miR-449a showed a strong association with nervous system development, cell differentiation, proliferation and apoptosis, while miR-374 and miR-505 showed no significant association with these processes.
Numerous previous studies have focused on rats infected with BDV, usually with BDV strain He/80, strain V and strain H1766 that originate from horses with Borna disease (4, (18) (19) (20) 29, 30) . By contrast, the present study used rats infected with BDV virus strain Hu-H1 that originated from a human bipolar patient. In agreement with the findings of the present study, BDV-infected rats display neurogenesis-associated disorders, including impairments in learning, memory and emotion. The hippocampus is an essential brain region for cognition and emotion (31) , and miRNAs have vital roles in hippocampal survival, development, function and plasticity (32) (33) (34) . Although previous studies on specific miRNA expression and function in BDV-infected oligodendroglial cells have been published (16, 17) , the present study was the first to comprehensively assess miRNA expression in the hippocampi of BDV-infected neonatal rats.
Over-expression of miR-126 leads to nuclear factor (NF)-κB activation via downregulation of inhibitor of NF-κB (35) . A study has revealed the interactions of BDV with the NF-κB system (36), which is involved in the regulation of cellular apoptosis and host defence. Therefore, the finding of the present study that miR-126 was downregulated in BDV-infected rat hippocampi further supported the hypothesis that BDV infection inhibits NF-κB through downregulating miR-126, finally leading to disturbances in synaptic plasticity and induction of cellular apoptosis (37) . miR-200b regulates multiple cellular functions, including motility, proliferation and apoptosis (38) . One study on microglia has established that miR-200b directly inhibits c-Jun (39), a substrate of the c-jun N-terminal kinase (JNK)/mitogen-activated protein kinase (MAPK) pathway in the brain (40) , which regulates microglial activation (41) and other diverse biological functions, including proliferation, differentiation and apoptosis in various cell types (42) (43) (44) (45) . Impaired microglial migration contributes to the pathogenesis of several brain diseases, including prion disease (46), Parkinson's disease (47) and Alzheimer's disease (48) . extracellular signal-regulated kinase (ERK) is one MAPK family member in mammalian cells (49) , and BDV Hu-H1 activates the ERK-RSK complex downstream of the Raf/MAPK kinase (MEK)/ERK signaling cascade in human oligodendroglial cells, thereby inhibiting cell proliferation (50) . These combined findings supported the hypothesis that BDV-induced downregulation of miR-200b may accentuate neurodegenerative diseases through activating the ERK-RSK complex of the Raf/MEK/ERK signaling cascade and targeting the JNK/MAPK signaling pathway, which regulates microglial activation.
miR-449a modulates cell cycle regulation and apoptosis through regulating cyclin D1 and B-cell lymphoma 2 (BCL2) expression in SGC7901 cells (51) . Previous findings by our group demonstrated that BDV Hu-H1 inhibits cellular proliferation and promotes apoptosis in human oligodendrocytes via BCL2-associated X protein upregulation and BCL2 downregulation (52) . In addition, miR-449a downregulation releassd CDK6 kinases, and miR-449a overexpression significantly inhibits E2F1 expression (53) . CDK6/E2F1 is an important regulator of cell proliferation and cell cycle progression (54) . Based on these combined findings, the effect of BDV on miR-449a expression is likely to have an important role in cell cycle regulation, proliferation and apoptosis through the BCL2 and CDK6/E2F1 pathways.
In the present study, the RT-qPCR results were inconsistent with the microarray results obtained prior to the validation in the present study. This is likely due to the limitations in the sensitivity, quantification and false positives inherent to microarray technology (27) . This phenomenon has also occurred in previous miRNA expression studies in gastric cancer cells (55) and spinal cord injury (56) .
In conclusion, the present study reported the dysregulation of miRNAs in the hippocampi of neonatal rats infected with BDV Hu-H1. Among the five dysregulated miRNAs identified by RT-qPCR, miR-126, miR-200b and miR-449a showed a strong association with nervous system development, cell 
